• A detailed NM-MRI volume placement protocol is described. 2
Introduction 1
Neuromelanin (NM) is an insoluble dark pigment that consists of melanin, 2 proteins, lipids, and metal ions (Zecca et al., 2008) . Neurons containing NM are present 3 in specific brain regions of the human central nervous system with particularly high 4 concentrations found in the dopaminergic neurons of the substantia nigra (SN) and 5 noradrenergic neurons of the locus coeruleus (LC) (Zecca et al., 1996; Zucca et al., 6 2014) . NM is synthesized by iron-dependent oxidation of dopamine, norepinephrine, 7 and other catecholamines in the cytosol, to semi-quinones and quinones (Sulzer and 8 Zecca, 1999) . While initially present in the cytosol, NM accumulates within cytoplasmic 9 organelles via macroautophagy that results in the undegradable material being taken 10 into autophagic vacuoles (Sulzer et al., 2000) . These vacuoles then fuse with 11 lysosomes and other autophagic vacuoles containing lipid and protein components to 12 form the final NM-containing organelles (Zucca et al., 2014) . These organelles contain 13 NM pigment along with metals, abundant lipid bodies, and protein matrix (Zecca et al., 14 2000 ; Zucca et al., 2018) . This process was shown to be driven by excess cytosolic 15 catecholamines, such as that resulting from L-DOPA exposure, that are not 16 accumulated in synaptic vesicles and can be inhibited by treatment with the iron 17 chelator desferrioxamine (Cebrián et al., 2014; Sulzer et al., 2000) . NM-containing 18 organelles first appear in humans between 2 and 3 years of age (Cowen, 1986) and 19 gradually accumulate with age (Zecca et al., 2008; Zucca et al., 2018) . 20
The paramagnetic nature of the NM-iron complexes within the NM-containing MRI has also been validated as a measure of dopaminergic neuron loss in the SN 11 (Kitao et al., 2013) and several studies have shown that this method can capture the 1995; Roeper, 2013; Weinstein et al., 2017) . This voxelwise approach may thus allow 20 for a more anatomically precise interrogation of specific midbrain circuits encompassing 21 subregions within the SN or small nuclei such as the ventral tegmental area (VTA), 22
which may in turn increase the accuracy of NM-MRI markers for clinical or mechanistic 1 research. For example, voxelwise NM-MRI may facilitate investigations into the specific 2 subregions within the SN/VTA-complex projecting to the head of the caudate, which are 3 of particular relevance in the study of psychosis (Weinstein et al., 2017) , or help capture 4 the known topography of SN neuronal loss in Parkinson's disease (Cassidy et al., 2019; 5 Damier et al., 1999; Fearnley and Lees, 1991 ). An additional benefit of the voxelwise-6 analysis is avoiding the circularity that can incur when defining ROIs based on the NM-7 MRI images that are then used to read out the signal in those same regions. Most 8 previous studies have used the high signal region in the NM-MRI images to define the 9 SN region-of-interest (ROI) that is used for further analysis. While this may be 10 appropriate if the goal of the study is to measure the volume of the SN, it can be 11 problematic for analysis of the contrast-to-noise ratio (CNR) because the selected ROI 12 is biased towards high CNR voxels. 13 NM-MRI can be a promising tool with diverse research and clinical applications to 14 noninvasively interrogate in vivo the dopamine system. However, this is critically 15 dependent on a thorough investigation of the performance of the method for various 16 acquisition parameters and preprocessing methods. In particular, most previous studies 17 of the SN (~15 mm) (Pauli et al., 2018) , to overcome technical limitations such as 20 specific absorption rate and signal-to-noise ratio (SNR), at the cost of partial-volume 21 effects. Additionally, previous studies acquired multiple measurements that were 22 subsequently averaged to improve the SNR of the technique with the expense of 1 increased scanning time. Although time in the MRI is expensive and should be 2 minimized to improve patient compliance, a detailed investigation into how many 3 measurements are necessary for robust NM-MRI has not been reported. A recent study 4 reported high reproducibility for ROI-analysis . However, this study 5 did not provide a detailed description of NM-MRI volume placement and the two scans 6 were obtained within a single session, although subjects were removed and 7 repositioned in-between scans. 8
Here, we evaluate the effect of various acquisition and preprocessing parameters 9
on the strength and test-retest reliability of the NM-MRI signal to determine optimized 10 protocols for both ROI and voxelwise measures. Three new NM-MRI sequences with 11 slice-thickness of 1. 5 were separated by a minimum of 2 days. Inclusion criteria were: age between 18 and 65 5 years and no MRI contraindications. Exclusion criteria were: history of neurological or 6 psychiatric diseases, pregnancy or nursing, and inability to provide written consent. This 
Neuromelanin-MRI placement protocol 16
Given the limited coverage of the NM-MRI protocol in the inferior-superior 17 direction (~30 mm), a detailed NM-MRI volume placement procedure based on distinct 18 
Neuromelanin-MRI preprocessing 13
The NM-MRI preprocessing pipeline was written in Matlab (MathWorks, Natick, 14 MA) using SPM12 (Penny et al., 2011) . The steps of the pipeline were as follows: 1) 15
The intra-sequence acquisitions were realigned to the first acquisition to correct for 16 inter-acquisition motion; 2) The motion corrected NM-MRI images were subsequently 17 averaged; 3) The average NM-MRI images were then coregistered to the T1w image; 4) 18
The T1w image was spatially normalized to a standard MNI template using 4 different parameters to normalize the T1w image to the MNI template were then applied to the 6 coregistered NM-MRI images using the respective software. The resampled resolution 7 of the spatially normalized NM-MRI images was 1 mm, isotropic. Additionally, the 8 spatially normalized NM-MRI images were spatially smoothed using 3D Gaussian 9 kernels with full-width-at-half-maximum (FWHM) of 0 mm (no smoothing), 1 mm, 2 mm, 10 and 3 mm. All analyses using manually traced ROIs used the standard 1 mm spatial 11
smoothing. All ROI-analysis results used 0 mm of spatial smoothing and all voxelwise-12 analysis results used 1 mm of spatial smoothing unless otherwise specified. 13 14
Neuromelanin-MRI analysis 15
The NM-MRI contrast-to-noise ratio (CNR) at each voxel V was calculated as the as
Two-way mixed, single score intraclass correlation coefficient [ICC(3,1)] (Shrout 20 and Fleiss, 1979) were used to assess the test-retest reliability of NM-MRI. This ICC is 21 a measure of consistency between the first and second measurements that does not 22 penalize consistent changes across all subjects (e.g., if the retest CNR is consistently 1 higher than the test CNR for all subjects). The maximum ICC is 1, indicating perfect 2 reliability, ICC over 0.75 indicates "excellent" reliability, ICC between 0.75 and 0.6 3 indicates "good" reliability, ICC between 0.6 and 0.4 indicates "fair" reliability, and ICC 4 under 0.4 indicates "poor" reliability (Cicchetti, 1994). ICC(3,1) values were calculated 5 for three conditions: the average CNR within a given ROI (1 ICC value per ROI; ICCROI); 6 the across-subject voxelwise CNR (1 ICC value per voxel; ICCASV); the within-subject 7 voxelwise CNR (1 ICC value per subject; ICCWSV). ICCROI provides a measure of the 8 reliability of the average CNR within an ROI across all subjects, thus providing a 9 measure of the reliability of the ROI-analysis approach. ICCASV provides a measure of 10 the reliability of CNRV at each voxel within an ROI across all subjects, thus providing a 11 measure of the reliability of the voxelwise-analysis approach. ICCWSV provides a 12 measure of the reliability of the spatial pattern of CNRV across voxels within each of the 13 subjects individually, which provides a complementary measure of reliability of the 14 voxelwise-analysis approach. 15
The ROIs used in this study included a manually traced mask of the SN defined 16 
Demographics 2
The test-retest MRI exams were separated by 13 ± 13 (mean ± standard 3 deviation) days on average with a median of 8 days, minimum of 2 days, and maximum 4 of 38 days. Of the 10 subjects, 4 were male and 6 were female; 4 were Caucasian and 5 6 were Asian; 9 were right-handed and 1 was left-handed. The average age was 27 ± 5 6 years (mean ± standard deviation). None of the subjects reported current cigarette 7 smoking or recreational drug use. sequence demonstrated the best performance, further optimization was performed for 1 this sequence and the following sections only use data from this sequence. To determine which spatial normalization software should be used for voxelwise-8 analysis of NM-MRI data, multiple linear regression analysis predicting ICCASV of voxels 9 within the manually traced mask as a function of their coordinates in x (absolute 1 distance from the midline), y, and z directions was used. The rationale here is that, with 2 an optimal method, the ICC should be highest and homogeneous across voxels such 3 that the voxel's anatomical location should not predict its associated ICC value. This 4 analysis showed that ANTs achieved the best performance in that anatomical position 5 was least predictive of ICCASV and it provided the highest ICCASV (Fig. 7) . This result 6
was consistent with a previous study where ANTs outperformed 13 other spatial- traced mask at 4 levels of spatial smoothing is shown in Fig. 8 . Greater amounts of 10 spatial smoothing lead to significantly lower CNRV and significantly higher ICCASV 11
(Wilcoxon signed rank test, P < 0.001 for all after correction for multiple comparisons). 12
Relative to the one-lower degree of spatial smoothing (e.g., 2 mm vs 1 mm), spatial 13 smoothing with 1 mm FWHM achieved the greatest increase in ICCASV and lowest 14 decrease in CNRV, 0.03 and -0.09, respectively. Although there was still a significant 15 difference in ICCASV and CNRV between spatial smoothing with FWHM of 0 mm and 1 16 mm, the minimal difference in CNRV and overall improvement in the robustness of 17 voxelwise-analysis and spatial normalization in particular, support the use of spatial 18 smoothing with 1 mm FWHM. (Fig. 10) . Overall, CNR was highly correlated across the four nuclei, 2 particularly for ROI definitions based on a probability cutoff of P = 0.5. 
Discussion 1
We present here a detailed description of a volume placement protocol for NM-2 MRI and use a test-retest study design to quantitatively derive recommendations for 3 NM-MRI sequence parameters and preprocessing methods to achieve reproducible 4 NM-MRI for ROI and voxelwise analyses. Additionally, by using a high-resolution 5 probabilistic atlas, we were able to determine the reproducibility of NM-MRI 6 measurements in specific nuclei within the SN/VTA-complex. Overall, excellent 7
reproducibility was observed in all ROIs investigated and for voxels within the ROIs. 8
Based on our results, we recommend acquiring at least 6 minutes of data for voxelwise-9 analysis or dopaminergic-nuclei-ROI-analysis and at least 3 minutes of data for 10 standard ROI-analysis. We also recommend acquiring NM-MRI data with 1.5 mm slice-11 thickness, using ANTs for spatial normalization, and performing spatial smoothing with a 12 1 mm FWHM 3D Gaussian kernel for voxelwise-analysis and no spatial smoothing for 13 ROI-analysis (especially for analysis of nuclei). acquisition and preprocessing combinations. This is in agreement with a previous report 20 that observed an ICCROI value of 0.81 for SN in 11 healthy subjects (Langley et al., 21 2017) . Surprisingly the present study observed higher ICCROI values (~0.92) even 22 though our study used a template defined SN mask and the two MRI scans were 1 separated by 13 ± 13 days instead of using a subject-specific semi-automated 2 thresholding method for SN mask generation (Chen et al., 2014) and having test-retest 3 scans within a single session in one day (in which subjects were removed from the 4 scanner after the first session, repositioned on the table, and scanned again). The 5
improved ICCROI observed in our study could be explained by the rigor of the NM-MRI 6 volume placement protocol that makes use of easy to identify anatomical landmarks to 7 improve the reproducibility of volume placement across sessions. The study by Langley 8 et al. focused on ROI measures and did not measure voxelwise ICC, so our study also 9 extends this previous work in suggesting that voxelwise CNR measures can be 10 obtained reliably. Another recent study measured ICCASV in 8 healthy and 8 patients 11
with schizophrenia, also with both MRI sessions on the same day (~1 hour apart) 12
(Cassidy et al., 2019). That study observed a median ICCASV value of 0.64 and an 13 ICCROI value of 0.96. The higher ICCASV observed in the present study could be due to 14 the inclusion of only healthy subjects as well as the detailed volume placement protocol. 15
In addition to ICC values, we also used the strength of the NM-MRI signal (CNR) 16 and the range of CNR values. Because correlation-based approaches are common for 17 voxelwise-analysis, a greater range in CNR values within the SN/VTA-complex will 18 provide greater statistical power. Another important factor in our analysis was the 19 relationship between CNR and ICC. To make sure that voxelwise-analysis effects are 20 not driven solely by high (or low) CNR voxels due to lower measurement noise in those 21 voxels, it is important to have homogeneously high ICC values independent of CNR. 22
Our recommended ANTs-based method applied to NM-MRI data with 1.5 mm slice-1 thickness accomplishes this independence. 2
This study is the first NM-MRI study to measure CNR in nuclei within the 3 SN/VTA-complex. This was facilitated by making use of a publicly available high-4
resolution probabilistic atlas (Pauli et al., 2018) . We demonstrated that the NM-MRI 5 signal within the nuclei is highly reproducible with ~ 6 minutes of data. Overall, we 6 observed the highest CNR in the SNc and SNr, followed by the PBP, then the VTA. This 7 is consistent with reports of higher degree of NM pigmentation in the SN than the VTA 8 (Hirsch et al., 1988; Liang et al., 2004) . However, we observed that the NM-MRI signal 9 was highly correlated across nuclei. This finding may suggest that NM-MRI may only 10 provide a measure of the general function of the dopamine system and is not specific to 11 nuclei with distinct anatomy and function. While this may be true, our study included a 12 limited number of subjects. Additionally, it is possible that the different functional 13 domains of the dopamine system are highly correlated in healthy subjects and small 14 errors in the realignment and spatial normalization processes could cause signal from 15 different nuclei becoming mixed. These concerns could be partially mitigated through This study tested 2 NM-MRI sequences with 3 mm slice-thickness: NM-3 mm 21 and NM-3 mm Standard. The main difference between these two NM-MRI sequences 22
was the use of in-plane acceleration, the number of slices, the TE, and the TR. These 1 parameters were changed relative to the literature standard protocol (i.e. NM-3 mm 2 Standard) to accommodate the increased number of slices required for similar coverage 3 in the higher resolution sequences (i.e. NM-1.5 mm and NM-2 mm). Although the higher 4 resolution sequences did not seem to be affected, increased noise due to in-plane 5 acceleration could have caused the lower reproducibility observed for the NM-3 mm 6 sequence compared to the NM-3 mm Standard sequence (Robson et al., 2008 ). An 7 alternative explanation is that the reduced number of slices results in reduced 8 performance of the realignment and coregistration steps (resulting from less anatomical 9 information for the algorithms to work with) leading to reduced reproducibility. All images 10 were manually inspected at each step and no obvious errors occurred but small-scale 
Conclusions 4
We have empirically determined that highly reproducible NM-MRI can be achieved 5 with at least 6 minutes of NM-MRI data for voxelwise-analysis or nucleus-specific 6 analysis, and at least 3 minutes of NM-MRI data for ROI-analysis. Additionally, we 7 recommend using 1.5 mm slice-thickness, ANTs spatial normalization software, and 8 spatial smoothing with 1 mm FWHM 3D Gaussian kernel. This work provides a 9 foundation for the optimization and standardization of NM-MRI, a promising MRI 10 approach with growing applications throughout basic and clinical neuroscience. 
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